The determinants of anemia during both pregnancy and postpartum recovery remain incompletely understood in subSaharan African women. SUBJECTS/METHODS: In a prospective cohort study among pregnant women, we assessed dietary, biochemical, anthropometric, infectious and sociodemographic factors at baseline. In multivariate Cox proportional hazards models, we examined predictors of incident anemia (hemoglobin o11 g/dl) and iron deficiency anemia (anemia plus mean corpuscular volume o80 fL), and recovery from anemia and iron deficiency anemia through 18 months postpartum at antenatal clinics in Dar es Salaam, Tanzania between 2001 and 2005. A total of 2364 non-anemic pregnant women and 4884 anemic women were enrolled between 12 and 27 weeks of gestation. RESULTS: In total, 292 women developed anemia during the postpartum period and 165 developed iron deficiency anemia, whereas 2982 recovered from baseline anemia and 2044 from iron deficiency anemia. Risk factors for postpartum anemia were delivery complications (RR 1.6, 95% confidence interval (CI) 1.13, 2.22) and low postpartum CD4 cell count (RR 1.73, 95% CI 0.96, 3.17). Iron/folate supplementation during pregnancy had a protective relationship with the incidence of iron deficiency anemia. Absence of delivery complications, education status and iron/folate supplementation were positively associated with time to recovery from iron deficiency. CONCLUSION: Maternal nutritional status during pregnancy, prenatal iron/folate supplementation, perinatal care, and prevention and management of infections, such as malaria, are modifiable risk factors for the occurrence of, and recovery from, anemia.
INTRODUCTION
The World Health Organization estimates that 55.8% of pregnant women in Africa are anemic. 1 In addition, 41% of women of childbearing age in Africa are anemic. 2, 3 It is estimated that iron deficiency, often caused by low intake of bioavailable iron, underlies about 50% of anemia in the developing world, but estimates of iron deficiency vary significantly across settings. 1 Other causes of anemia include deficiencies in folate and vitamin B12, inflammatory conditions such as malaria and genetic disorders. Even though iron supplementation reduces anemia and is standard prenatal care in most countries, 3, 4 anemia continues to persist at relatively high rates among pregnant African women, including those receiving iron and folate supplements. 5 Anemia during pregnancy is associated with adverse maternal health, possibly contributing to maternal mortality, and with poor pregnancy outcomes, including low birth weight, premature birth, neonatal and infant morbidity, and mortality, as well as reduced newborn iron stores and subsequent cognitive impairments. 3, [6] [7] [8] [9] [10] [11] [12] While anemia has been studied extensively in pregnant women, the extent and impact of anemia during the postpartum period has more recently become an area of interest. [13] [14] [15] The mother's health status during the postpartum period affects the potential for breastfeeding, and consequently the risks of anemia in infancy. 6, [16] [17] [18] [19] This is more apparent in mothers below the poverty level, including those from developing countries. A study in the United States showed that recovery from anemia after delivery was slower for low-income women relative to those with family income above the poverty line. 16, 17 Other predictors that need to be considered in relation to the risk of developing anemia or recovery from it include nutritional deficiencies, infection, blood loss and delivery complications. 3, 20, 21 We conducted a prospective study among HIV-negative Tanzania women enrolled during pregnancy to determine predictors of postpartum maternal anemia and iron deficiency anemia.
residence in the city until delivery and for 1 year thereafter, and an estimated gestational age between 12 and 27 weeks according to the date of the last menstrual period.
Participants received standard antenatal care according to the Tanzanian Government guidelines. All women were provided daily prenatal supplemental iron (60 mg of elemental iron) and folic acid (0.25 mg), and malaria prophylaxis in the form of sulfadoxine-pyrimethamine tablets (sulfadoxine and pyrimethamine) at 20 and 30 weeks of gestation. Women received medication for any diagnosed illnesses, including treatment for malaria (additionally, women were given malaria prophylaxis) and for gastrointestinal parasites (during pregnancy all women were given de-worming medication). As part of the trial, women were randomly assigned to receive a daily oral dose of either a multivitamin supplement or placebo from the time of enrollment until the end of follow-up (12-18 months postpartum). The multivitamin supplements included vitamin B1 (20 mg), vitamin B2 (20 mg), vitamin B6 (25 mg), niacin (100 mg), vitamin B12 (50 mg), vitamin C (500 mg), vitamin E (30 mg) and folic acid (0.8 mg). At every monthly visit, a new bottle was given to each woman and the pills remaining in the used bottles were counted to measure adherence.
The Research and Publications Committee of Muhimbili University of Health and Allied Sciences, and the Institutional Review Board of the Harvard School of Public Health approved the study protocol.
Data collection
At baseline, trained research nurses collected data on sociodemographic characteristics and obstetrical history. Laboratory assessments at baseline included tests for syphilis, gonorrhea and trichomoniasis; red blood morphology; and evaluation of blood films for malaria. The total and differential white-cell counts were assayed with the use of a CBC5 counter (Coulter Corp., Miami, FL, USA) and were obtained at the first visit, which occurred between 12 and 27 weeks gestation, at 6 weeks post partum, and every 6 months thereafter. Counts of T-cell subgroups (CD4 þ , CD8 þ and CD3 þ ) were calculated in a random sample of women using the FACScount or FACScan system (Becton Dickinson, San Jose, CA, USA). Women were assessed at monthly clinic follow-up visits including presumptive diagnoses (symptomatic pending laboratory confirmation, defined as possible malaria diagnosed by a physician pending a positive blood smear), and those who did not keep their appointments were visited at home and were asked to come to the clinic if their condition allowed. Collection of hemoglobin and mean corpuscular volume (MCV) during pregnancy was at visit 1 and 2 months later or weekly, if 36 weeks gestation, at 6 weeks postpartum, and every 6 months thereafter until discharge. Additional data collected during follow-up include delivery type (spontaneous vaginal delivery, caesarian, vacuum extraction or assisted breech), survival status and malaria tests. The samples tested for T-cell counts (CD4, CD8) samples were obtained from a randomly selected subset of the entire study population.
Ascertainment of risk factors
Baseline risk factors. Baseline risk factors included malaria infection (yes/no), vaginal bleeding (yes/no), body mass index (BMI, which was calculated by dividing weight by height squared and categorized as follows: o22.5 kg/m 2 , 22.5-25 kg/m 2 , 25-30 kg/m 2 and 430 kg/m 2 ), maternal age and gestational age at enrollment. At enrollment, women were asked about their intake of alcohol, iron and soil since they became pregnant. Soil consumption, also known as pica, is common in pregnant women in this region. Pica is a craving woman have during pregnancy to eat substances such as clay soil or ash. Stillbirth was defined as the death of the fetus during labor or delivery, or intrauterine death of a fetus sometime before the onset of labor, where the fetus showed degenerative changes.
Time-varying maternal risk factors. Time-varying maternal risk factors included BMI, CD4 count, mid-upper arm circumference, malaria test results, presumptive diagnoses for malaria and dietary data ascertained by 24-h-recall questionnaires, as well as parity (continuous), malaria during this pregnancy (before enrollment) and other socio-economic factors (maternal education, daily spending for food and household items). Iron supplementation adherence during pregnancy was calculated based on adherence data (number of pills remaining from previous visit) collected at monthly follow-up visits. Presumed adherence to prenatal Fe supplements was defined as the number of days for which supplements were available divided by the total number of days between enrollment and delivery, and was included as a covariate in all multivariate analyses. Presumed adherence was calculated for every visit (current adherence), and a cumulative average of iron adherence was calculated for each woman during pregnancy. Dietary intake data were obtained from 24-h recalls completed every 3 months and nutrient intakes were classified as tertiles. Tertiles were calculated for iron, vitamin C, vitamin B12, vitamin B6, folate and heme; tertile 1 was the lowest intake (referent group) and tertile 3 was the highest intake in this population.
Ascertainment of anemia status
There were four main end points assessed in these analyses: incidence of anemia (hemoglobin o11 g/dl), incidence of iron deficiency anemia (anemia and MCV o80 g/dl), and two end points that represent recovery from these conditions (that is, recovery from anemia (hemoglobin 411 g/dl) and recovery of iron deficiency anemia (recovery from anemia and MCV 480 g/dl)).
Statistical analysis
Risk factors for the incidence of anemia and iron deficiency anemia during the postpartum period were assessed utilizing Cox proportional hazards regression methods. 23 Anemia and iron deficiency anemia were assessed as the time to first occurrence of anemia and iron deficiency anemia, respectively. Follow-up started at the delivery date and was censored at the minimum date of first occurrence of anemia or last visit date that the outcome of interest was ascertained. Women who were anemic at enrollment were excluded from this analysis.
Additionally, using similar methods we assessed recovery from anemia and iron deficiency anemia. Recovery from anemia and iron deficiency anemia were assessed as the time to the first occurrence of recovery from anemia (defined by a hemoglobin concentration above 11 g/dl) and recovery from iron deficiency anemia (defined as a hemoglobin above 11 g/dl and an MCV above 80 fl). For those who did not achieve recovery during follow-up, end of follow-up was assessed at the date of their last assessment. Time zero was considered the date of delivery. All women who were non-anemic at enrollment were excluded from this analysis.
Predictors were selected from all available data based on their importance to anemia and iron deficiency, as well as prior knowledge of risk factors for anemia; all relevant variables were assessed in the univariate analyses and the most important ones are reported in the tables. Conventional cutoffs were used to categorize risk factors, where available; otherwise the medians were used to classify the variables, and for nutrient intake, tertiles were used to categorize the variables. The Wald test statistic was used to assess the significance of the association between predictors and the time to anemia, iron deficiency anemia, recovery from anemia and recovery from iron deficiency anemia to ensure maximum control for confounding. All predictors with a univariate P-value p0.20 were included in the multivariate model. Predictors were also examined as continuous variables and we explored non-linearity of the relationships using stepwise restricted cubic splines. 24, 25 Continuous variables of interest included: weight, height, mid-upper arm circumference, CD4 count and BMI. We used the counting process data structure to incorporate time-dependent covariates. 26 The time interval corresponded to the interval between monthly follow-up visits after delivery. Observations with missing data were retained in the analyses with missing indicators. All analyses were done using SAS, Version 9.1, statistical software from SAS Institute Inc. (Cary, NC, USA).
RESULTS
At baseline, 67.4% (4884/7248) of the population were anemic, defined by a hemoglobin concentration below 11 g/dl. Approximately 32.6% (2364/7248) of the study population were not anemic at baseline. The study flow chart can be found in Figure 1 .
Among the 2364 non-anemic pregnant women at baseline, of whom 1913 had available follow-up information, 15.4% became anemic and 8.6% developed iron deficiency anemia. During the entire study period (12-27 weeks gestation through 12-18 months postpartum), only four non-anemic women became anemic during pregnancy, with the remainder developing anemia during the postpartum follow-up period. Eighty-eight percent of study participants were at 16 or more weeks gestation at enrollment and 38% were between 20 and 24 years of age (Table 1) . Sixty-four percent of women delivered at a participating study clinic (compared with home deliveries and outside clinics), with 88% having a standard vaginal delivery and 96% giving birth to live babies.
There were 4884 women with baseline hemoglobin concentrations below 11 g/dl at the enrollment, with 3879 having available follow-up information. Seventy-seven percent recovered from anemia during follow-up and 52.7% recovered from their iron deficiency anemia during follow-up. At the 6 weeks postpartum visit, 3576 (73%) of the women had a normal hemoglobin level. Risk factors during the postpartum period Incident anemia. Table 2 shows the univariate and multivariate analyses for anemia as defined by hemoglobin below 11 g/dl. Of the 292 women who developed anemia during the postpartum period, about half of these (n ¼ 156) presented with anemia at their 6-week-postpartum visit. The statistically significant independent risk factors for the postpartum development of anemia included postpartum CD4 cell count (RR 1.73; 95% confidence ratio (CI) 0.96, 3.17 P-value 0.007), and a delivery other than a standard vaginal delivery (RR 1.6; 95% CI 1.13, 2.22). Greater than median iron adherence, which was defined as a cumulative Time-varying covariates. Analysis performed using Andersen-Gill data structure, with 5136 observations during follow-up period.
d Association was significantly nonlinear. P-value corresponds to test of overall significance.
Postpartum anemia in HIV-negative Tanzanian women P Petraro et al average during pregnancy, was marginally protective (RR 0.60; 95% CI 0.46, 0.80 P-value 0.0004).
Incident iron deficiency anemia. Table 3 contains the univariate and multivariate analyses for iron deficiency anemia. There were 165/1913 (8.6%) women that presented with iron deficiency anemia during the postpartum period. A total of 42% presented with anemia at their 6-week-postpartum visit (n ¼ 68). The statistically significant variables in the final multivariate model after adjusting for all other variables included adherence to iron supplements (defined as greater than median iron adherence, which was defined as a cumulative average during pregnancy) Recovery from anemia. Table 4 contains the univariate and multivariate analyses for recovery from anemia as defined by hemoglobin above 11 g/dl. A total of 2982/3879 (77%) women recovered from anemia during the postpartum period. The significant independent risk factors for recovery from anemia were a delivery other than a standard vaginal delivery (RR 0.89; 95% CI 0.81, 1.01), history of meat consumption prior to enrollment into the study (RR 1.12; 95% CI 1.03, 1.21) and postpartum malaria (RR 0.91; 95CI 0.84, 1.00). Increasing BMI, and maternal age (P-value o0.0001 for both) both were associated with risk of recovery from anemia.
Recovery from iron deficiency anemia. Table 5 .
DISCUSSION
In the United States, women below the poverty level recovered more slowly from anemia, slower than non-poor women. 17 The dearth of research globally on postpartum anemia has been formally recognized, 16 and the focus of postpartum anemia and more specifically iron deficiency have only recently been studied in more detail. [13] [14] [15] These studies of postpartum anemia have limited follow-up and only considered risk factors present during pregnancy. We examined incidence of anemia starting at 6 weeks postpartum, after which about 40% of non-anemic women developed anemia. Inversely, almost two-thirds of women who were anemic during the prepartum period recovered during the follow-up period. This was expected because women were no longer receiving iron supplements after delivery and DHS surveys report 56% prevalence of anemia in women of childbearing age in Tanzania. 27 In comparison with other previous studies that only focused on baseline risk factors (assessments done during pregnancy), our study includes these risk factors, but additionally has a number of time-varying risk factors assessed throughout the study period up to 12-18 months postpartum.
The results show associations with iron intake and specifically heme iron intake in the univariate analyses, and iron supplementation in the multivariate. 3 Iron or heme intake and B12 intake from the 24-h recalls were not significantly associated with anemia, iron deficiency anemia or recovery from anemia in the multivariate analysis; this is most likely due in part to the fact that a 24-h recall of iron intake prior to the outcome may not fully describe intake over a given period of time. This can also be said of histories of meat intake and soil intake, as availability of meat or craving of soil may have changed during pregnancy and is likely different in the postpartum period. Adherence to iron supplements during pregnancy was found to be beneficial in all analyses (anemia, recovery from anemia and recovery from iron deficiency anemia), and was significantly protective for iron deficiency anemia. It is well documented that iron supplementation during pregnancy is important for proper development of the fetus and for maternal health. In addition, it is well known that iron intake, especially heme iron from meats, is protective against anemia and iron deficiency anemia. [28] [29] [30] [31] [32] Breastfeeding was not a risk factor for anemia, as noted in previous studies, due to its limited impact on iron stores. [33] [34] [35] [36] However, breastfeeding since the last visit was a statistically significant predictor of the recovery from anemia. Thus, breastfeeding delayed recovery from anemia that could be due to maternal depletion syndrome, defined as a broad pattern of maternal malnutrition resulting from the combined effects of dietary inadequacy, heavy workloads and energetic costs of repeated rounds of reproduction. 37 Maternal depletion syndrome can possibly lead to additional nutritional requirements of breastfeeding women, leading to a delay in recovery from anemia in the postpartum period. Our results are consistent with previous studies and demonstrate the importance of assessing nutritional status within the pre-and postpartum periods, as elsewhere in the world. [38] [39] [40] CD4 cell count o500, malaria, delivery complications, blood loss at delivery, and lower supplemental intake during pregnancy and dietary iron intake were associated with postpartum maternal anemia and iron deficiency anemia. Additionally, normal BMI, midupper arm circumference (MUAC), CD4 cell count o500 and absence of delivery complications were associated with recovery of postpartum anemia and iron deficiency anemia. Postpartum anemia in HIV-negative Tanzanian women P Petraro et al
Malaria was significantly independently associated with an increased risk for iron deficiency anemia, and presumptive malaria reduced the recovery from anemia. CD4 cell count was assessed because of its relationship with immune status and was, therefore, used as a marker for disease. Malaria is a potential risk factor for anemia due to the anemia of chronic disease and our results being consistent with other studies. [41] [42] [43] [44] In anemia of chronic disease, the immune response releases hepcidin that blocks the release of iron stores, which lower hemoglobin during illnesses. 5, 21, 43, 45 This Postpartum anemia in HIV-negative Tanzanian women P Petraro et al mechanism is consistent with the inverse effect we saw with presumptive malaria in relation to recovery from anemia. The same effects were seen with lower CD4 cell counts, which are markers for immune status. 46 Complications during delivery, including blood loss and a delivery other than standard vaginal delivery, were related to an increased risk of anemia and iron deficiency anemia, and were limiting factors in recovery from anemia and iron deficiency anemia. This is as expected, as the main cause of anemia other than insufficient iron intake is blood loss. 33, 47, 48 This is consistent with other studies that showed blood loss and delivery complications were the risk factors for anemia. 18, 49 Educational status was associated with a recovery from iron deficiency anemia, and heme iron intake was protective of both anemia and iron deficiency anemia risk, pointing to high meat and fish intake that is correlated with income levels. These studies have shown low socioeconomic status (SES) to be a risk for anemia or for the association to be null, but none have provided multivariate adjusted results or considered other factors that can cause anemia during the postpartum period. A couple of studies have examined the impact of anemia during the postpartum period, where socio-economic status was shown to decrease the time for a woman to return to a non-anemic hemoglobin concentration and also as a risk factor for anemia in the postpartum period. 16, 17, 50 Our study had a few limitations. We focused on the postpartum period. The first postpartum period assessment was at 6 weeks, therefore, it is possible that they may have become anemic between delivery and 6 weeks. The fact that a very small number of non-anemic women became anemic during pregnancy supports the importance of supplementing pregnant women with both iron/ folate supplements, as well as preventive measures for infections such as malaria and intestinal parasites by preventive treatments. We cannot exclude the possibility that women may have become anemic between delivery and 6 weeks and inversely, for the end point of recovery from anemia, some may have recovered during pregnancy up to 6 weeks, but were detected instead in the period past 6 weeks postpartum. MCV and hemoglobin are easy and convenient tests to assess iron deficiency anemia, although there are more sensitive tests available such as serum ferritin, they are costly and not always available in this setting.
The risk factors are consistent with those found in other studies. Our results show that risk factors observed during pregnancy are relevant to the risk of developing anemia 6 weeks postpartum. Although hemoglobin concentrations and hypochromatic microcytosis (MCV concentrations) are used to detect iron deficiency anemia in the developing world, which have been utilized here, there is the potential bias that we have not comprehensively assessed all competing risks such as anemia of infection (anemia of chronic disease) or other genetic causes of anemia that are properly assessed with additional tests using iron stores (ferritin) or other techniques. As anemia of chronic disease does not preclude iron deficiency anemia or anemia, and as other genetic factors for anemia are rare in this setting, it is unlikely that the inability to assess these types of anemia would have an appreciable impact on our analysis.
A major strength of our study is that it is one of very few that has examined risk factors for anemia in the postpartum period. We had a large sample compared with similar studies, providing substantial statistical power to detect a broad range of risk factors, even after detailed multivariate analysis. Our results are consistent with previous studies and are supported by various known and hypothesized mechanisms for the development of and recovery from anemia. Our findings illustrate the importance of providing iron-folate during pregnancy, and the need to improve access to and compliance with this intervention. Women who have complications during childbirth that potentially cause blood loss and stress may need to be given an additional supply of iron supplements to assist in the recovery of their iron status after discharge. Furthermore, it is important to further evaluate the significance of iron deficiency anemia in the postpartum period, especially among those with low iron intake and with infections, including malaria, intervention such as supplementation of all women to their 6-week-postpartum visit to assist with replenishing the iron stores after pregnancy, or testing hemoglobin levels so that women with slight anemia or borderline hemoglobin levels can be given iron supplements should be evaluated in randomized trials. All women should be counseled at delivery and at their postpartum visit on the importance of iron-rich foods in their diets to assist with replenishing their stores.
